Radiation pressure due to the interaction between a probe light and cold atoms is investigated in a standard cesium magneto-optical trap. The radiation pressure alters the absorption spectroscopy of cold atoms, leading to line shapes and linewidths after resonant interaction that are different for positive and negative probe chirps. The difference is attributed to the radiation pressure of the probe laser, due to which atoms become accelerated at the resonance. The effect of the radiation pressure is also seen in electromagnetically induced transparency (EIT) involving an excited Rydberg level. The density matrix equation accounting for the radiation pressure is used to simulate the experiments. The simulations agree well with the measurements both for absorption and EIT spectra. We find that the effect of the radiation pressure is reduced at low probe intensities, and can be neglected when the probe intensity is smaller than 2 sat I .
Journal of Modern Physics atomic momentum. The mean radiative force is usually considered as consisting of two parts. The first part is radiation pressure, pointing in the direction of the phase gradient of the laser wave, which is used to manipulate the neutral atoms; the second one, related to the intensity gradient of the laser, is called dipole force, which is used to realize optical dipole traps.
The interactions between light and atoms can be absorption, reflection, or some of both (the common case), in which case each absorption of a resonant photon on an atomic transition with wavelength, λ , alters the momentum of the atom by 2π k λ =   (  is the Planck constant) in the direction of laser light, whereas the direction of spontaneously emitted photon of the atoms is random, such that there is, on average, no momentum change from spontaneous emission. As a result, the atom receives a momentum kick k  in the direction of light propagation. Deceleration of atomic beams, stopping atoms, velocity reversal [3] , laser cooling [4] [5] [6] [7] and Zeeman slowing [8] are interesting applications of radiation pressure. The technique of laser cooling and trapping is particular significance for observation of photonic Josephson effect and quantum phase transitions of light [9] [10] [11] . The radiation pressure also plays an important role in launching beams in atomic clocks [12] , pushing beams in 2D MOTs [13] and in low-velocity intense source (LVIS) [14] , as well as in parametric amplification of the mechanical motion [15] and levitation of nanometer sized objects [16] [17] [18] [19] . Applications of quantized photon recoil include atom interferometers [20] . Recently, an elastic wave in an elastic solid induced with light pressure has been directly measured [21] , which clearly indicates the transfer of momentum due to light recoil from the interaction between the light with the surface of the elastic solid. These experiments benefit from radiation pressure. On other hand, the radiation pressure accelerates and Doppler-shifts atoms, resulting in broadened spectra. The broadening of the spectra limits atom-based measurements and applications, such as ultrahighresolution spectroscopy.
Here we investigate the absorption spectrum of cold atoms in a standard magneto-optical trap (MOT) considering the radiation pressure induced due to the interaction between a probe laser and cold atoms. The radiation pressure alters the shape of the absorption spectra, showing different effects for positive and negative probe chirps. The phenomenon is modeled using the density matrix equation, accounting for the Doppler effect induced by the radiation pressure. In experiments we apply one more laser beam that couples to a Rydberg level, resulting in a three-level atomic system, further verifying our model of radiation pressure.
Experimental Setup
The experiment is performed in a standard cesium MOT with temperature ~100 μK and peak density ~10 10 cm −3 , measured with the method of absorption image.
The MOT size is approximately 500 μm. 
where ij µ is the transition dipole moment between two states i and j , P is the laser power coupling the transition and ω is the Gaussian waist of laser
beam. c is the speed of light and 0 ε is permittivity in vacuum.
Absorption Spectra of the Cold Atoms Accounting for the Radiation Pressure
In Figure 2 we show normalized spectra for a weak probe laser coupling the This leads to more absorption on the blue-detuned side after the zero-detuning point, as shown by the absorption spectrum (red curve) in Figure 2 . In contrast, for the negative chirp the change of the probe-laser frequency is opposite 
where eg Γ and 2 γ are the spontaneous decay and dephasing rates of the system, respectively, and  is the Planck constant.
As mentioned above, when the frequency of the probe laser is tuned into resonance with the transition g e → , the atom absorbs the probe photons and picks up a momentum, 
and the frequency detuning, ( ) p t ∆ , the atom experiences is given by
here, M is the mass of cesium. We do not account for the initial velocity of the atom in MOT because it has no significant effect.
is the start value of the probe-laser detuning, χ presents the probe-frequency chirp rate, and ± represents the positive/negative sign of the frequency chirp.
We substitute p ∆ in Equations (2)- (5) with
from Equation (7) and numerically solve the density matrix Equations (2) 
EIT Spectra Involving Rydberg State
In order to further corroborate the explanation of absorption spectra in Sec. 3, we use electromagnetically induced transparency (EIT) involving a Rydberg state by applying a coupling laser, counter-propagating with the probe beam through the cesium MOT and driving the transition, ( ) The Gaussian radius of the coupling and probe beams in the MOT are about 120 μm and 70 μm, respectively. The EIT two-photon resonance for the case of positive chirp is used to define the 0-detuning point. For negative probe chirp, the EIT peak appears at −3.5 MHz. Figure 3(a) . In case of negative probe chirp, the EIT transparency peak appears at 3.5 MHz on the red-detuned side, see Figure   3 (a). The figure clearly shows that the EIT spectral profiles are different for positive and negative probe chirps. The difference of the EIT spectra in Figure   3 (a) is attributed to radiation pressure of the probe laser, as explained in Sec. 3.
For reproducing the EIT profiles, we numerically solve the density matrix represents the interaction between light and atoms. ρ is the density matrix of the three-level atom, see Figure 1 (b), L describes the decay and dephasing of the three-level system, for details see [27] . We take into account the radiation pressure and resultant Doppler shifts, Equations (6)- (8). The numerically calculated EIT spectra are presented in Figure 3 (b). The calculated EIT peak for negative chirp is 3.5 MHz red-detuned compared with the positive case. This agrees well with the measurements in Figure 3 (a). The simulation reproduces the experiments both in terms of the overall EIT spectral profiles and the EIT linewidths.
Discussion
The radiation pressure, induced due to the resonant interaction between the probe laser and atoms, results in the Doppler broadening and modification of the probe spectra profile on the blue-detuned side. This effect limits the precision of measurements and high-resolution spectroscopy based on cold atoms. For further investigation of how the radiation pressure affects the spectra, we change the probe laser intensity and perform similar measurements. 
Conclusion
In summary, we investigate the effect of the radiation pressure on absorption for the probe absorption spectra and the EIT spectra. The radiation pressure effect alters the spectral profiles, thereby limiting applicability to atom-based precision measurement. Using probe laser intensities smaller than 2 sat I or less probe-pulse duration, the radiation pressure effect can be effectively eliminated.
The result obtained here serves as a guide how to reduce the radiation pressure effect.
